General propositions about the way in which enzyme systems can adapt themselves to respond to new needs of bacterial cells are considered.
In certain conditions the establishment of an optimum growth rate is automatic. In the simplest treatment the 'enzyme' material is regarded as autosynthetic, but it is shown that similar equations may hold where the synthesis of one enzyme is linked with the working of another enzyme rather than with its own.
I n t r o d u c t io n
In the study of cell mechanisms three kinds of adjustment play their parts. The first is the rapid alteration in the concentration of an active intermediate involved in the reaction sequence. This can account for sudden arrests of growth and similar effects which follow upon a change in the conditions. Examples have been given in the preceding paper. The second kind is the slow accumulation of necessary intermediates, co-enzymes and so on, and is of special importance in the study of the lag phase. The third is the type of adjustment whereby, during continued growth, the enzyme systems of the cell change in such a way as to respond to new needs and to establish an optimum rate of multiplication. This type of response was exemplified in the preceding paper by the development of reducing power needed for growth in nitrate. Its mechanism is to be considered in a more general way in the present paper.
During growth all the cell enzymes are reproduced. The final result of the co ordinated cell reactions is that at the time of division all the material parts have been duplicated autosynthetically. Therefore, the augmentation of individual enzymes must be at least fairly closely linked with their functioning, and it is a reasonable working hypothesis to express the rate of increase of each individual one by a differential equation for its autosynthesis. If this is done, then, as will be shown in § 2, automatic response can be accounted for.
I t can, however, be said reasonably enough th at the material to which this type of equation is applied is not very appropriately called 'enzyme', since isolated enzymes will in fact function without autosynthesis (Medawar 1947) . In § 4, there fore, a simple enzyme combination is considered, in which each of two enzymes provides by its functioning the intermediates necessary for the synthesis of the other. Each is found to increase in amount according to an equation identical with th at expressing its own autosynthesis. This simple result can probably be generalized to the complex interlocking systems of real cells, and strengthens the case for regarding enzymes as virtually self-reproducing under the conditions of cell growth.
These considerations are based upon the idea th at adaptation involves an adjust ment of enzyme proportions. The relation between the change of proportions of existing enzymes and the appearance of new ones must therefore be clarified.
The first and simplest approach is to regard modifications in enzyme systems as largely due to combinatory changes in accordance with a view which may be stated as follows.
During long-continued growth, enzymes for which there were no function would be largely eliminated as a result of the relative increase of the others.
The multitudinous enzymatic properties of a cell which are brought into being by adaptive response probably depend upon varying combinations of simple unit processes, their specificity residing largely in their mode of combination, th at is, in the order of the unit steps. If these individual steps are of a simple and general character (as they could be, for example, with free radical and chain mechanisms), the non-elimination of the relevant enzyme material can be accounted for.
In order to grow in changed conditions a cell may need to use a different com bination of its unit processes, in a changed order and in changed proportions.
In the following sections adaptation will first be considered from this purely quantitative point of view, changed proportions being dealt with in § 2 and com peting combinations in § 3. In § 5 the relation between the quantitative view and the idea of qualitative changes in the texture of the enzyme material itself will be considered.
Ch a n g e o f e n z y m e p r o p o r t io n s l e a d i n g to o p t im u m g r o w t h r a t e
The general ideas underlying this treatm ent have been outlined elsewhere (Hinshelwood 1946) and will only be indicated briefly. They are here thrown into the form most convenient for our present purpose.
Suppose that there are consecutive processes in which cell components (' enzymes ') reproduce themselves, the first of the sequence providing the substrate for the second and so on. The first occurs according to the equation
where xx is the total amount of 'enzyme 1 ' in all the bacterial material.
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The second occurs according to the equation
where cx is the concentration of the active intermediate formed by enzyme 1, and is given by the equation
Equation (3) ,expresses the balance between formation and loss of the intermediate; the first term gives formation by enzyme 1, the third consumption by enzyme 2 and the second loss by diffusion, which ig proportional to the total wall area and in turn to n the total number of cells among which the masses x1 and are distributed. < xx and a 2 are factors, expressing the yields of intermediate from enzyme and of enzyme from intermediate respectively.
If the division of the cell waits on the attainment of a critical amount of enzyme 2, n = / (4) where /? is a constant.
The overall growth-rate constant will be given by
From equations (1) to (4) xi ~ (%)o (3K + tx2k2 x2( #2)0 where and (x2)0 are the amounts at time zero. I t follows also that
When the culture is stabilized, that is, when it has been growing for a long time in a constant medium, xx and x2 are very large compared with a and therefore
Now suppose an inoculum to be transferred to a completely new medium. By the principle formulated in the last section we may suppose th at substantially the same enzymes are used in the new sequence, but in a different order and in quite different proportions, e.g. a reducing enzyme which played a comparatively minor role in the old scheme may be involved in a key step in the new and so on. The parts played by enzymes 1 and 2 in the old sequence are now taken over by j and k, i.e. these latter become 1 and 2 of the new sequence.
Thus
From (7) (xllx ^initial -{xjlxk)eq\ill.-
where the letters with dashes refer to the new growth sequence. Now it may well happen th at ix j l x k ) e quit of'the old sequence is quite small, in which case gr the new medium will initially be very slow. But as it proceeds, (®,/a;Jfe)eqil|L gradually old tends to the value (a?i/#2)equii. = P'> s0 by (3) &equii. = &i> be. the growth-rate new constant, starting from a very low value, rises eventually to the optimum value kx which the mechanism allows. Adjustments of this kind will only occur at rates comparable with the growth rate itself and will only be completed in so far as the bacterial substance formed under the new conditions outweighs th a t originally present.
3. Co m p e t in g r e a c t io n s e q u e n c e s I t is now necessary to investigate the question as to which route will be followed when several combinations of elementary enzymatic steps can lead to the final result. The existence of these alternative combinations is implicit in the propositions enumerated in the introduction. For example, a substance might be deaminated and then involved in a condensation reaction, or these two steps might occur in the reverse order, and so on. The general treatm ent of the problem would be very com plex, but the following very simple calculation probably contains the essential result.
Suppose enzyme 1 undergoes its autosynthetic expansion coupled with a step in the series of growth reactions and yields an intermediate a t concentration used by enzyme 2 in some process (also coupled with autosynthesis). W ith assumptions similar to those of the last section we should have
d x 2 / d t = k2cxx2, ndcjdt = aJcxxx-K n c
Here, to reduce the number of symbols, the utilization of the intermediate is taken to be small compared with its loss by diffusion. This makes no difference a t all in principle, as may be seen by reference to the previous section, where the omission of the last term in equation (3) would leave all subsequent steps unchanged. We shall suppose th at the order of operation can also be reversed, enzyme 2 playing the part of the initiator and yielding a different intermediate at concentration c2, used by enzyme 1, so th a t dx2/dt = k2x2, dxx\dt =
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If both routes are possible, we should have the system of equations
where
Case 1. Division is determined by x2 so th at n = fix2. The solution of the equations is then 4 -M " e * .
I f x>K> xJ xx tends to the constant limit <xkxk2/K /l(x -k 2) as growth proceeds. As this is approached cx tends to the value
and both enzymes grow with the same specific rate %. If x were less than k2, xxjx2 would tend to zero as growth proceeded. Before this limit was reached the division condition would have to change to fi'xx. Thus the above represents the only stable condition.
Case 2. Division is determined by xx, so that n = In this case the solution is
Here the limiting value of xx/x2 is ct'kx k2fK '(!'{<]) -kx) so long as Otherwise x2/xx would tend to zero and the division condition would have to change to case 1. With the above limit a value of c2 is established which ensures th at both enzymes grow with the specific rate constant ([> .
We thus have the two stable conditions
Suppose, for example, in case 2 that we start with (^i)0 far greater in relation to (x2)0 than corresponds to the stable ratio. Initially the most important term in equation (6) will be (aqJo eklt, because (%),) is small, and the rate constant will initially have the value kx. As growth proceeds this term will be superseded by th at involving e^, which after a time will be the only important one. Thus the rate constant will undergo a transition from kx to < j), giving rise to the appearance of a segmented growth curve. The combination giving the most rapid overall growth rate establishes itself.
I n d i r e c t c o u p l in g oe s y n t h e s i s a n d e u n c t io n
In the foregoing discussions we have employed equations which express the direct autosynthesis of the enzyme material as it exerts its function in the cell. This matter is worthy of more detailed consideration.
The direct coupling of autosynthesis and function might well be considered in general to present some difficulty. The following calculation indicates, however, th at an indirect coupling could have a very similar effect.
Suppose enzyme 1 grows by use of a substrate derived from another enzyme j, and whose concentration is Cj. Let its formation be given by
th at is, a non-autocatalytic process. The intermediate is formed from enzyme j acting on other medium constituents. In this case the equations are more easily handled if we may neglect losses by diffusion, a condition, incidentally, which is likely to be approximately fulfilled in certain real cases. We write dcj/dt = kjXj -k jĈ j = 0. Now enzyme j is in a similar case and we have
where ck is the concentration of an intermediate derived from another enzyme k.
There can be similar cross-linking of various other enzymes and intermediates. The essentials of the problem are preserved if we take x^ to refer to enzyme 2, and the enzyme k which feeds it to be enzyme 1, so th at 
Now
(1/x-y) dxJdt = A x 2jxx and (llx 2)dx2l
When t is large, both these attain to the constant value C, i.e. when t is small the rates approach 1 /(xz)0dx2ldt = B{x1)J{x2\ and l/(a?1)0 = A (x2)J ( x^.
I f '(#1)0 has a very small value the rate of growth of x2 is so small th at the division of the cell is delayed; if (z2)0 is very small then the growth of xx is delayed. The above calculation, although much oversimplified, serves the purpose of showing th a t there is no inconsistency between the assumption of autosynthetic behaviour in an actual cell, and the recognition of the fact th at isolated enzymes may function without growth.
Qualitative and quantitative enzyme changes
Autosynthesis of enzymes, whether direct or indirect, can only occur a t specialized sites (the need for an energetic coupling of reactions limiting to a considerable extent the degree of indirectness possible). At the sites where the utilization of substrate occurs it seems almost certain th at suitable spacings and foldings of the protein base material of the cell must exist. Moreover, when autosynthesis occurs on these bases, the new material will certainly be laid down in such a way as to conform to the pattern of the old. The spacings and foldings may well show a statistical variation from one element of cell volume to the next, and some of them may be more suitable than others for dealing with a new substrate.
Thus we might modify or reinterpret the idea th at there exist small amounts of all the enzymes necessary for the unit processes of the cell by supposing that certain kinds of spacing, susceptible of continuous variation (by changes of folding for example), happen to be adjusted better than others to the new chemical function.
These favoured sites would (since, as stated, the existing material guides the deposition of the new) expand during growth with utilization of the new substrate. Thus we should hate a quantitative expansion, as envisaged in the hypotheses of the earlier sections, but one due to what might be called internal selection.
This point of view would reconcile hypotheses based upon * expansion of enzymes ' with those based upon 'change of texture', and also, in some degree, hypotheses of direct adaptation with those of selection.
R eversibility op adaptive changes
The equations of earlier sections imply easy reversibility of adaptive changes under conditions where the newly developed function is no longer in use and growth occurs in the original medium. In fact, however, adaptation to a new medium is not readily lost, and, within the framework of the hypothesis used, we must suppose th at the modified enzyme systems continue to be kept in some kind of employment when the cells are returned to their original medium. The complete discussion of this question will not be entered into here, but one relevant factor is the following. Let A be the normal carbon source, e.g. glucose, and be an alternative to which adaptation occurs. The sequence of reactions can be schematized thus:
where G represents the stage at which the two alternative reaction routes jo Since most enzymes are reversible, development of the route will also develop th at of G-> B .Thus, when cells adapted to utilize B are grown on , a certain amou of the intermediate G will be converted into B and vice versa. The enzyme dealing with B will therefore continue to function and its synthesis can also continue. Another factor of possible importance is th at B may be only a modified form of A, capable of dealing with A as well as the unmodified form. This idea has been discussed briefly elsewhere (Postgate & Hinshelwood 1946) .
